Heterotrimeric G proteins are pivotal mediators of cellular signal transduction in eukaryotic cells and abnormal G-protein signaling plays an important role in numerous diseases. During the last two decades it has become evident that the activation status of heterotrimeric G proteins is both highly localized and strongly regulated by a number of factors, including a receptor-independent activation pathway of heterotrimeric G proteins that does not involve the classical GDP/GTP exchange and relies on nucleoside diphosphate kinases (NDPKs). NDPKs are NTP/NDP transphosphorylases encoded by the nme/nm23 genes that are involved in a variety of cellular events such as proliferation, migration, and apoptosis. They therefore contribute, for example, to tumor metastasis, angiogenesis, retinopathy, and heart failure. Interestingly, NDPKs are translocated and/or upregulated in human heart failure. Here we describe recent advances in the current understanding of NDPK functions and how they have an impact on local regulation of G-protein signaling.
The involvement of heterotrimeric G proteins in signal transduction was first described in 1971, when it was shown that G proteins have a crucial role in the activation of adenylate cyclase by glucagon. 1 Since then it has been shown that G proteins have various critical and essential roles in signal transduction in every cell type and that abnormal G-protein signaling has an important role in numerous diseases. [2] [3] [4] G proteins consist of three subunits, Gα, Gβ, and Gγ, and are activated by seven transmembrane G-proteincoupled receptors (GPCR). 2, 5 It is generally accepted that the activation of G proteins depends on a GDP/GTP exchange in response to a conformational change induced by ligand binding to the GPCR. 6, 7 However, during the last two decades it has become clear that the activation status of heterotrimeric G proteins is both highly localized and strongly regulated by a number of factors. For example, regulators of G-protein signaling (RGSs) are a large family of proteins that bind directly to activated Gα subunits and terminate their activation. 8 In addition, a receptor-independent activation pathway of heterotrimeric G proteins that does not involve the classical GDP/GTP exchange, but is mediated by nucleoside diphosphate kinases (NDPKs), has been discovered. 9, 10 This review describes recent insights in the localized regulation of G-protein signaling by NDPKs and caveolins.
REGULATION OF G-PROTEIN SIGNALING BY NDPKs Background
NDPKs are NTP/NDP transphosphorylases encoded by the nme/nm23 genes, which catalyze the transfer of a γ-phosphate group from an NTP to an NDP via formation of a highenergy intermediate on the His118 residue of the NDPK. [11] [12] [13] [14] The family of NDPKs consists of two groups. The first group includes four members, NDPK-A, NDPK-B, NDPK-C, and NDPK-D, also known as NME1, NME2, NME3, and NME4, respectively, which are ubiquitously expressed. The human orthologs are equally often designated Nm23H1, Nm23H2, Nm23H3, and Nm23H4, respectively. These NDPKs are highly homologous, form heterohexamers, and exert transphosphorylase activity. The second group includes a more diverse set of proteins that are mostly expressed in cilia or flagella. 15 Notable differences in the protein structure within the first group of NDPKs include the N-terminal hydrophobic domain of NDPK-C, which is believed to form a transmembrane helix promoting its localization at the plasma membrane, 16, 17 and the mitochondrial-targeting domain of NDPK-D. 18 NDPKs are involved in a variety of complex signal processes such as tumor metastasis, 19 apoptosis, 20 angiogenesis, 21 retinopathy, 22 and development. 23 
Mechanisms of G-Protein Signaling Regulation by NDPKs
By catalyzing the transfer from GDP to GTP, NDPKs regulate the amount of GTP available for G-protein activation, thereby indirectly controlling G-protein signaling (Figure 1 ). In the early 1990s, it was proposed that this regulation takes places in multiprotein complexes in which NDPKs are involved in channeling GTP to G proteins. [24] [25] [26] Subsequent work showed that NDPK-B, but not NDPK-A, forms a complex with Gβγ subunits of heterotrimeric G proteins and activates the G proteins in a receptor-independent manner. 9, 10 These studies discovered that NDPK-B likely autophosphorylates at His118 in the presence of an NTP, eg, ATP, and subsequently transfers this phosphate to His266 of the Gβ subunit. This phosphate is still of high energy and thus produces a GTP, most likely from the GDP dissociating from the Gα subunit. Rebinding of this newly formed GTP causes activation of the G protein in the absence of a GPCR agonist ( Figure 2 ). Thus, in addition to their transphosphorylase activity, NDPKs act as protein histidine kinases. In agreement, accumulating evidence suggests that NDPKs can directly regulate ion-channel function through histidine phosphorylation and corresponding specific histidine phosphatases (eg, PHP, PGAM5) have been identified. 27, 28 For example, besides Gβ subunit modulation, NDPK-B-mediated histidine phosphorylation activates the small-conductance Ca 2+ -activated K + channel K Ca 3.1 29 and the transient receptor potential Ca 2+ channel TRPV5. 30 The phosphorylation of a histidine residue involves bonding of a phosphoryl group to the imidazole ring of the histidine through a phosphoramidate bond. As this imidazole ring has two nitrogen atoms, multiple forms of phosphorylation involving the N1 (1-pHis) or N3 (3-pHis) position are possible. 27, 31 Recently developed monoclonal antibodies that specifically recognize the 1-pHis and 3-pHis forms have shown that the high energetic phopshoramidate bond at the His118 of NDPKs involves the 1-pHis form, whereas the histidine phosphorylation of NDPK substrate like Gβ 1 or K Ca 3.1 involves the 3-pHis form. 28, 32 For a more detailed overview of these mechanisms, the reader is referred to previous reviews. [33] [34] [35] [36] Although NDPK-C can activate G proteins similar to NDPK-B (discussed below), other potential NDPK-C phosphorylation targets have not yet been identified.
Besides the phosphorylation of Gβ at His266, NDPK-B contributes to the membrane targeting of G proteins (Figure 2, #2 ). For example, mouse embryonic fibroblasts (MEFs) of NDPK-A/B double-knockout mice have reduced membrane content of G proteins compared with wild-type MEFs. Rescuing the expression of NDPK-B in NDPK A/B knockout MEFs by overexpressing the catalytically inactive H118N-NDPK-B, where the histidine has been mutated to an asparagine, is able to rescue the G-protein content at the plasma membrane, indicating that the membrane-targeting does not depend on NDPK-B histidine kinase activity. 37 This scaffolding function might additionally involve the formation of caveolae, 38 which will be covered in the next section of this review. However, it should be noted that earlier studies were unable to reconstitute a complex of NDPK-B and G proteins using purified recombinant proteins. This already indicated that another protein is required to mediate this interaction. 9 As NDPKs form hexamers and NDPK-C is the only isoform with an N-terminal hydrophobic domain, we recently hypothesized that NDPK-C may be a potential candidate for scaffolding the complex between NDPK-B and G proteins at the plasma membrane. In agreement with this hypothesis, far western blot experiments have shown that NDPK-C interacts with NDPK-B, but only NDPK-C, and not NDPK-B, directly interacts with the purified heterotrimeric G protein transducin (G t αβγ) from bovine retina as well as purified stimulatory Gα s and inhibitory Gα i proteins. 39 Furthermore, an increase in the overexpression of NDPK-C produces a corresponding increase in the interaction between NDPK-B and G t αβγ. 39 NDPK-C alone can also activate G-proteins directly through phosphorylation of His266. In addition, experiments with radiolabeled [γ-
32 P] ATP incubated with GDP and G t αβγ have been employed to quantify NDPK activity as GTP-forming transphosphorylase histidine kinase and activator of G proteins. Addition of NDPK-C alone but not NDPK-B alone enhanced the GTP hydrolysis by G t αβγ. The addition of both NDPK-B and NDPK-C had a synergistic effect. These data indicate that NDPK-C is required and indispensable for the interaction of NDPKs with G proteins and that both isoforms, NDPK-B and NDPK-C, work in concert to regulate G-protein activity. 39 
Relevance of NDPK-Mediated Regulation of G-Protein Signaling in the Heart
The regulation of G-protein signaling by NDPKs has been described for many cell types. In recent years the importance of the NDPK-mediated activation of G proteins in the heart has received considerable attention, particularly with respect to regulation of cyclic adenosine monophosphate (cAMP), a ubiquitous second messenger with an integral role in the regulation of cardiac electrophysiology and contraction. Activation of stimulatory Gα s proteins promotes cAMP production via adenylyl cyclases, whereas activation of inhibitory Gα i reduces cAMP production. Initial experiments performed in H10 cells have shown that overexpression of NDPK-B but not NDPK-A or catalytically inactive H118N-NDPK-B results in increased cAMP levels. 40 Furthermore, combined overexpression of Gα s and Gβ 1 γ 2 further increases cAMP levels in the NDPK-B-overexpressing H10 cells, which is significantly blunted in experiments overexpressing Gα s with Gβ 1 H266Lγ 2 , where the histidine at position 266 is mutated to a leucine. This mutant does not allow for intermediate histidine phosphorylation of Gβ and subsequent GTP formation. Thus, the activation of G proteins via the intermediate phosphorylation of His266 on Gβ has a significant role in the NDPK-mediated regulation of G-protein activity and promotes cAMP production. In agreement, cAMP levels are reduced in NDPK-B knockdown zebrafish. Knockdown of NDPK-C also reduces cAMP production, which is consistent with the essential role of NDPK-C mediating the interaction between G proteins and NDPK-B. 39 Knockdown of NDPK-B in zebrafish also reduces G-protein expression, with a similar phenotype as the Gβ 1 /Gβ 1-like knockdown zebrafish, 41 suggesting that, in addition to acute regulation of G-protein activity, long-term modulation of NDPKs may influence the protein levels of G proteins, possibly because of the membrane-targeting effects of NDPK complexes. Consistently, studies in neonatal rat cardiomyocytes have shown that NDPK-B and NDPK-C critically regulate the membrane localization of G proteins. 39, 41 Moreover, acute stimulation of rat cardiomyocytes overexpressing NDPK-C with the β-adrenoceptor agonist isoprenaline results in enhanced membrane localization of G proteins and NDPK-C, 39 suggesting that recruitment of NDPK/G protein complexes to the plasma membrane may counteract a fading response to long-term isoprenaline stimulation due to desensitization of β-adrenoceptors.
NDPK-mediated regulation of cAMP production is expected to modulate cardiac contractility through downstream effects of cAMP-dependent protein kinase A on cardiac calcium handling. In agreement, overexpression of NDPK-C increases cAMP content and contractility of adult cardiomyocytes, whereas zebrafish with knockdown of NDPK-B or NDPK-C suffer from cardiac contractile dysfunction. 39, 41 Similarly, 5-month-old NDPK-B knockout mice have reduced fractional shortening on cardiac echocardiographic analysis compared ith wild-type mice of the same age. NDPKs also appear to have important cardioprotective effects as NDPK-B knockout mice develop worse maladaptive hypertrophy and more fibrosis than wild-type mice in response to pathological stimuli such as long-term isoprenaline application. 39 The mechanisms underlying these cardioprotective effects of NDPK-B remain incompletely understood but could involve both the differential modulation of cAMP pools as reflected by the reduced cardiac contractility of NDPK-B knockout mice following long-term isoprenaline stimulation, 39 and direct effects of NDPKs on gene expression, which have not yet been explored in the setting of heart failure. 23 Together, these data suggest that NDPKs have a critical role in the regulation of cardiac function.
Alterations in NDPK-Mediated Regulation of G-Protein Signaling in Cardiovascular Disease
Heart failure is characterized by chronically elevated catecholamine levels, which alter β-adrenoceptor and G-protein signaling, contributing to the progressive impairment of cardiac contractility. 42, 43 These alterations in G-protein signaling in end-stage heart failure patients include increased expression of the inhibitory Gα i protein by around 30% and decreased cAMP levels. [44] [45] [46] Expression of NDPK-C and membrane content of NDPK-B and NDPK-C are also increased in heart failure patients. 39, 47, 48 Furthermore, a similar increase in NDPK-C has also been observed in rats receiving isoprenaline via osmotic mini pumps for 4 days, mimicking the increased catecholamine levels in human heart failure, suggesting that these effects are a consequence of sympathetic stimulation. 39, 49 The increased NDPK-C mRNA levels during long-term β-adrenoceptor stimulation might be due to activation of AP-2-and CREBP-binding sites in the mouse nme3 gene, which can regulate gene expression depending on cAMP levels. 50, 51 Indeed, both patients and isoprenaline-stimulated rats treated with β-blockers showed a reduced NDPK content at the plasma membrane. 52 The increased NDPK expression in heart failure and the stimulatory effect of NDPKs on cAMP and contractility in animal models appear at odds with the decreased cAMP levels and impaired contractility in heart failure. However, it has been suggested that NDPKs may also enhance G i signaling in patients, contributing to a switch from NDPK-mediated regulation of G s to G i in heart failure, which might contribute to the decreased cAMP and impaired contractility (Figure 3) . 39, 47 Recent far western blot experiments indeed confirmed that NDPK-C can shift its interaction from Gα s to Gα i or vice versa, depending on the relative expression of each protein. 39 Similarly, co-immunoprecipitation experiments have identified less Gα s and more Gα i2 in the NDPK-C precipitate in ventricular samples from end-stage heart failure patients compared with healthy controls, strongly suggesting a switch from predominant G s to G i signaling. 39 Finally, experiments in neonatal rat cardiomyocytes have confirmed that overexpression of NDPK-C in the presence of elevated Gα i2 levels results in a reduction in cAMP levels, instead of the stimulatory effects of NDPK-C overexpression observed under normal conditions. 39 Taken together, these experiments highlight the complexity of NDPK-mediated regulation of G-protein signaling, revealing that NDPKs are crucial for healthy heart function, but may also contribute to worsening of cardiac function, positioning them as potential novel targets for the therapy of heart failure. The dual roles of NDPKs in the heart, resulting from a switch from one interacting protein to another, may also apply to other NDPK functions. For example, NDPKs, especially NDPK-A, have been identified as tumor metastasis suppressors. 19 However, in the advanced phases of tumor progression, the correlation between NDPK-A expression and cell proliferation is lost. 53 Likewise, other studies have found that NDPK-A expression is positively correlated with metastatic progression in osteosarcoma. 54 As it has been shown that the metastasissuppressing role of NDPK-A depends on its interaction with various proteins, 55 NDPK-A may also have a dual role in tumor metastasis depending on the type of interaction partners.
NDPK-B/NME2 Influences Signal Complex Assembly at the Plasma Membrane via Caveolae Formation
Caveolae are small cholesterol-enriched invaginations at the plasma membrane, which, among other tasks, cluster and compartmentalize signaling components. 21, [56] [57] [58] [59] Two classes of scaffold proteins, caveolins (Cav) and cavins are required for the formation of caveolae. Their assembly is a complex process (Figure 4) . Of the three isoforms of Cav the Cav1 isoform is necessary and sufficient for caveolae formation in most tissues. In striated (skeletal and heart) muscle, however, the prominent and required isoform is Cav3. 60, 61 NDPK-B has been shown to interact with Cav1 and Cav3. 38, 41 After synthesis at the endoplasmatic reticulum (ER), Cav1 (or Cav3 in striated muscle), is inserted co-translationally into ER membranes and rapidly forms 8S 20,w oligomers (Cav-8S). The Cav-8S oligomers translocate to the ER exit sites where a coat protein complex II (COPII)-dependent export to the Golgi apparatus occurs. [62] [63] [64] If the recognition of Cavs by COPII is hampered, for example, because of mutations in the recognition sites in Cav1 (or Cav3), the export is delayed leading to accumulation in structures near the ER, eg, lipid bodies. 65 In the Golgi, the Cav-8S further oligomerizes. The resulting Cav-70S complexes get enriched in cholesterol and are transported in vesicles from the Golgi. 62, 66 Near the plasma membrane, Cavs in the Cav-70S complexes are palmitoylated by palmitoyl acyltransferases and, after fusion with the plasma membrane, 62, 67, 68 cavin proteins aggregate on the cholesterol-rich and Cav-containing lipid rafts and thereby assist the formation of the membrane invaginations typical for caveolae. 62, 69, 70 The association of NDPK-B with Cav1 and Cav3 was first identified in the zebrafish. Knockdown of NDPK-B specifically caused not only the loss of NDPK-B and the associated heterotrimeric G proteins G s and G i , but also loss of the Cavs. 38, 41 This close association has been confirmed in cardiomyocytes, endothelial cells, and embryonic fibroblasts. 21, 38, 41, 71 In addition, the phenotypes in loss-ofexpression models of NDPK-B and Cavs are overlapping. Both Cav3-and NDPK-B-depleted zebrafish larvae show an impaired cardiac contractility. 38, 41 In addition, the NDPK-Bdepleted zebrafish exhibited impaired vessel formation by angiogenesis, a phenotype also seen under pathological conditions in NDPK-B-deficient mice. 21 Cav1-deficient mice also show impaired angiogenesis in several models. [71] [72] [73] These data suggest a common, very basic function of NDPK-B in caveolae formation. Indeed, in NDPK-B-deficient fibroblasts as well as in NDPK-B-depleted endothelial cells, Cav1 does not reach the plasma membrane and gets stocked in intracellular vesicular structures that likely represent, for example, lipid bodies. 21, 38, 71 In accordance, the number of caveolae at the plasma membrane was drastically reduced. This phenotype could be rescued by the re-expression of NDPK-B. Moreover, the expression of a fluorescent fusion protein of Cav1 with EGFP directly demonstrated the transport defect in the absence of NDPK-B. 38 As it has been described that NDPK-B is required for the formation of the COPII complex, 74 the recognition of the Cav-8S oligomers at the ER exit sites is likely hampered by NDPK-B deficiency and thus delayed. In accordance with data from recognitiondeficient mutants of Cavs, 64, 65 Cavs therefore accumulate in lipid bodies and similar structures. In addition, the phenotype of an acute knockdown of NDPK-B in the zebrafish as well as in cellular models can be explained by hampered caveolae formation. Heterotrimeric G proteins, GPCRs like cardiac β-adrenoceptors as well as the VEGF receptor 2 (VEGFR2) in endothelial cells, are located in caveolae. 58, 59 Thus, the VEGF-induced spatial redistribution of the VEGFR2 was attenuated in NDPK-B-deficient endothelial cells and the β-adrenoceptor-induced cAMP formation was suppressed after knockdown of NDPK-B in cardiomyocytes as well as in the zebrafish. 21, 38, 41 Generally, Cav1-deficient as well as Cav3-deficient mice display severe alterations and a shortened lifespan. [75] [76] [77] [78] In contrast, NDPK-B-deficient mice are rather healthy and have a normal life expectancy. In contrast to the acute NDPK-B knockdown in zebrafish larvae, the cardiac function of NDPK-B − / − mice is normal up to 5 months of age and thereafter cardiac contractility is only mildly attenuated. 29, 39 Although in the knockdown fish angiogenic vessel formation was severely hampered, the physiological angiogenesis in the retina of newborn NDPK-B − / − mice was not altered, whereas retinal vessel formation in Cav1 − / − mice was delayed. 21, 71 These data argue for a compensation of the lack of NDPK-B, which might rescue caveolae formation in newborn NDPK-B − / − mice. Indeed, as detected in brain endothelial cells of NDPK-B − / − mice, the amount of cellular Cav1 was increased and the number of caveolae was normalized. 71 Interestingly, the amount of intracellular vesicles was also substantially increased, which indicates that the slower transport of Cavcontaining vesicles was compensated by a higher number of such vesicles. 71 This mechanism, whereas it might be able to counteract the NDPK-B deficiency and uphold the required amount of caveolae under physiological conditions, is apparently not able to cope with pathological stress conditions. Thus, NDPK-B-deficient mice show aggravated deterioration in cardiac as well as vascular stress models when compared with wild-type littermates. Further research is clearly needed to identify the specific function of NDPK-B in the ER exit and Cav transport and whether its enzymatic activity is required, for example, for the activation of so far not identified cofactors, eg, monomeric GTPases. It is also unclear whether NDPK hetero-oligomers (for example, NDPK-B/NDPK-C complexes) are involved and required for the interaction with and transport of heterotrimeric G proteins.
FUTURE PERSPECTIVES Chamber-Specific Regulation of G-Protein Signaling
Although most studies so far have addressed G-protein signaling in ventricular cardiomyocytes, for example, in the setting of heart failure, it is likely that regulation of G-protein signaling by NDPKs and caveolins is also involved in other cardiovascular diseases. For example, cAMP-dependent regulation of calcium handling in atrial cardiomyocytes has been implicated in the initiation of atrial arrhythmias including atrial fibrillation (AF). 79 Furthermore, AF produces pronounced structural, electrical, calcium-handling, and autonomic remodeling that contribute to AF maintenance and progression. 79 In patients with chronic AF, cAMP levels are increased, suggesting potential alterations in the regulation of G-protein signaling. 80 Preliminary data have shown Figure 4 Role of nucleoside diphosphate kinases (NDPKs) in the regulation of caveolin-dependent formation of caveolae. Cav monomers are inserted into the endoplasmic reticulum (ER) membrane and they oligomerize into Cav-8S oligomers containing around 10 Cavs. These oligomers are transported to ER exit sites. NDPK-B is likely needed for COPII assembly and the transport to the Golgi apparatus. In the Golgi, cholesterol in the membranes supports the formation of Cav-70S complexes composed of about 150 Cavs. The Cav-70S-containing vesicles are transported to the plasma membrane in a phosphatidylinositol-4-phosphate (PIP4) and four phosphate-adapter protein (FAPP)-dependent manner. Near or on the plasma membrane, palmitoyl acyltransferases palmitoylate Cavs. Cavin proteins that already form trimeric complexes in the cytosol bind to the Cav-70S and induce the membrane curvature known from mature caveolae. They consist of an anionic lipid-and cholesterol-rich membrane in which the Cavs are embedded. Oligomerized cavins coat the caveolae on the inside of the cell. Additional proteins are inserted as transmembrane proteins, as lipidmodified proteins or interact directly with Cavs via their caveolinscaffolding domain to which, for example, heterotrimeric G protein α subunits can bind.
that NDPK-B and NDPK-C protein levels are increased in patients with chronic AF, 81 suggesting a potential role in AFrelated changes in cAMP signaling that warrant further studies. Importantly, the subcellular structure of atrial cardiomyocytes is significantly different from ventricular cardiomyocytes. 82 For example, atrial cardiomyocytes have a less-developed t-tubular system. As such, it is likely that local signaling domains regulating G-protein signaling are also distinct between atrial and ventricular cardiomyocytes, 83 although this has not yet been extensively investigated.
Elucidation of the NDPK Interactome and its Subcellular Localization
Recent work has shown that regulation of G-protein signaling is highly localized and orchestrated by macromolecular complexes of numerous proteins, including NDPK-B, NDPK-C, and caveolins. In addition, for NDPK-A, a variety of interacting proteins have been identified. 55 Nevertheless, the exact composition of the NDPK interactome under specific experimental and/or clinical conditions is still unknown. Future biochemical, proteomics, and mass spectroscopy studies are expected to provide a more comprehensive understanding of the NDPK interactome and its roles in biochemical pathways. Furthermore, advances in electron microscopy and super-resolution live-cell imaging methodologies will help to elucidate the subcellular localization of these signaling complexes and their organization in caveolae and other structures. For example, the switch from predominantly G s to G i protein signaling in heart failure 39 showed that the composition and localization of these macromolecular complexes can change over time in response to diverse stimuli. Thus, future biochemical and live-cell imaging studies will need to take into account these changes and provide insights into the temporal dynamics of the NDPKinteractome and -oligomer composition.
Clinical Applications
Modulation of kinases and phosphatases is increasingly explored as therapeutic strategy. 84 There are rather unspecific pharmacological modulators of NDPK activity like ellagic acid available, 85 but no NDPK-subtype-specific inhibitors have been reported. Hypothetically, overexpression of the histidine phosphatase PHP could be employed to counteract detrimental effects of overactive NDPKs (eg, in the setting of heart failure 39 or arteriosclerosis 86 ). However, the recently identified dual roles of NDPKs in G-protein signaling, involving the switch from G s to G i , 39 suggest that effective NDPK-based therapy requires modulation of the affinity of NDPKs for their individual targets and interacting proteins. Moreover, given the ubiquitous expression of NDPKs, this modulation would have to be targeted to specific cell types and subcellular regions to prevent unwanted side effects. Future studies about the molecular interactions between NDPKs and target proteins will likely provide the mechanistic understanding necessary to develop effective NDPK-based therapeutic options.
